It is a generally accepted view that nucleic acids control the synthesis of proteins, and it has been proposed more specifically that the sequence of amino acids in a polypeptide chain is determined by the order of nucleotides in ribo-or deoxyribonucleic acid. The problem of how this determination is effected has come to be known as the "coding" problem. The formal aspects of this problem can be investigated theoretically, and most of the work done in this field has recently been reviewed by Gamow, Rich, and Yeas.'
It is a generally accepted view that nucleic acids control the synthesis of proteins, and it has been proposed more specifically that the sequence of amino acids in a polypeptide chain is determined by the order of nucleotides in ribo-or deoxyribonucleic acid. The problem of how this determination is effected has come to be known as the "coding" problem. The formal aspects of this problem can be investigated theoretically, and most of the work done in this field has recently been reviewed by Gamow, Rich, and Yeas. ' Since there are only four different nucleotides in RNA or DNA to determine twenty different amino acids, it is clear that more than one nucleotide must be used to code for each amino acid. Most codes have been constructed on the basis that each amino acid is determined by a set of three nucleotides. Such triplet codes, however, have an excess of information, since there are sixty'four different triplets for the twenty amino acids. In Gamow's original diamond code, several triplets, chosen in a particular way, coded for any given amino acid; the code was therefore "degenerate." This code was also of the overlapping type-that is, the number of nucleotides in the nucleic acid was equal to the number of amino acids in the polypeptide chain. Gamow's diamond code does not, in fact, code for known sequences, and the same is true for the major-minor code, another overlapping triplet code, invented by L. Orgel.' These are, however, only two examples of a large number of possible codes of this type which can be obtained by choosing different ways of degenerating the triplets. To test all of these systematically is clearly impossible, and hence it is necessary to have some general theorem about such codes.
The general overlapping triplet code has the following properties.
(i) The coding triplets are chosen from four nucleotides, A, B, C, and D, giving sixty-four different triplets.
(ii) Coding is overlapping, each triplet sharing two nucleotides with the succeeding triplet in a sequence. Thus the sequence ABCDA codes for three amino acids: ABC for the first, BCD for the second, and CDA for the third.
(iii) An amino acid may be represented by more than one triplet; that is, the sixty-four triplets are degenerated into twenty sets.
Since any dipeptide sequence is represented by a sequence of four nucleotides, there cannot be more than 256 different dipeptides. On the other hand, if all dipeptide sequences were possible, 400 would be expected. Thus overlapping codes introduce restrictions in amino acid sequences. The number of dipeptide sequences known is less than 256, and, although statistical studies have suggested that all dipeptides are likely to be found, the significance of this result has been difficult to assess.1 The sample of proteins studied is highly selected, a large number of sequences are fragmentary, and the methods used to study sequences further bias the data.
However, sufficient sequences are known to prove that it is impossible to code them with overlapping triplets. The proof is simple and does not depend on any special way of degenerating the triplets. It consists in the demonstration that sixty-four triplets are insufficient to code the known sequences.
Proof: Since successive triplets share two nucleotides in common, any given triplet can be preceded by only four different triplets and succeeded by only four different triplets. In an amino acid sequence j.k.l., we call j an N-neighbor, and 1 a C-neighbor, of k. For every four different N-neighbors (or C-neighbors) or part thereof, k must have one triplet assigned to it. Thus the minimum number of triplet representations for each amino acid can be counted from a table of neighbors.
The available sequences are given in the Appendix. From these sequences a grid is constructed and the different neighbors counted for each amino acid. The number of triplets assigned to each amino acid is based on the larger number of its neighbors. These data are given in Table 1 , from which it can be seen that seventy triplets would be required to code the sequences. We conclude, then, that all overlapping triplet codes are impossible.
This result has one important physical implication. The original formulation of overlapping codes was based on the similarity of the internucleotide distance in DNA to the spacing between amino acid residues in an extended polypeptide chain. It was supposed that each amino acid was spatially related in a one-to-one way with each nucleotide on a nucleic acid template. The present result shows that this cannot be so and that each amino acid is stereochemically related to at least two, if not three, nucleotides, depending on whether coding is partially overlapping or nonoverlapping. The difficulties raised. by this call easily be overcome by assuming that the polypeptide sequence is in contact with the nucleic acid template only at the growing point, and detailed schemes can be readily proposed. As far as the coding problem is concerned, it now appears that all amino sequences are likely to be found and that it will not be possible to effect a "decoding" by discovering restrictions in sequences. The nonoverlapping of triplets implies that there must be some way of determining which triplets in a sequence are coding triplets and which are not, and a very interesting code has recently been proposed by Crick, Griffith, and Orgel,I in which this problem is dealt with in a novel manner.
APPENDIX AMINO ACID SEQUENCES
In writing the sequences, the same conventions used by Gamow et al.' have been followed. Wherever doubt exists as to whether glutamic acid is present as such (glu) or as the amide (glun), it has been assigned as "glux," and the same rule has been followed for aspartic acid and asparagine. All the longer lysozyme sequences suggested by Thompson The grid (Table 2) shows the number of times dipeptide sequences are found. Identical sequences from the closely related proteins vasopressin and oxytocin and corticotrophin and melanophore-stimulating hormone are only recorded once. Dipeptide sequences from lysozyme are not recorded if the same sequence is found in a longer peptide. When both glu and glun are absent, glux is counted as a neighbor, and the same rule is followed for asp, asn, and ax. The functions of the components of virus particles have been the subject of much investigation in two widely different virus systems. In the case of tobacco mosaic virus (TMV) it has recently been demonstrated that the ribonucleic acid isolated from the virus retains infectivityl 2 and possesses the property of genetic determination.3 In contrast with the low infectivity of TMV, bacteriophage T2 can be studied with very high precision. The protein coat of T2 isolated after osmotic rupture has been found to adsorb to the receptor site on the cell wall of the host and to stop multiplication of the host cell.4 After injection through the tail of T2 virus into the host cell, the deoxyribonucleic acid (DNA) component is found to be associated with the replicating activity of the virus.5 However, no direct biological activity of the isolated DNA has been demonstrated. It would be of much interest to determine whether the biological activity of the protein moiety subsequent to attachments 6 is a necessary prerequisite for the function of the DNA portion or, indeed, whether DNA can be active in the complete absence of protein.
Since cell wall components and the protein tip of T2 virus interact prior to injection of DNA, it was considered possible that the removal of the cell wall might permit the replicating moiety of the virus to enter the cytoplasm directly. Removal of cell walls can be achieved by lysozyme treatment of Escherichia coli B in hypers tonic sucrose to produce forms known as "protoplasts."7' 8 Intact T2 virus will not infect these protoplasts. We have attempted to infect protoplasts directly with DNA isolated from T2, without success. However, when osmotically disrupted preparations of T2 virus9 were mixed with protoplasts of E. coli B, significant increases in the numbers of infective particles were observed. In fact, similar increases in infective units were obtained with protoplasts of a number of bacteria whose cells are normally resistant to infection. Although the osmotically shocked preparations employed in these studies contained all the components of the original virus, we have obtained evidence to indicate that the activity observed may be due to DNA units protected by a protein shell. This communication describes some of the data obtained on the interaction of protoplasts and disrupted T2 virus, as they relate to the functional requirements of virus-cell interaction. 694 PROC. N. A.~S.
